Thinking back on this study the thing I remember most is that, prior to collecting all of the data presented here and the many months of experimentation Nik and I produced during this period, there was an additional four or so months during which time we worked extensively on a methodology to prepare very pure sodium tetrakis (3,5-bistrifluoromethylphenyl) 
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Introduction
The fixation of molecular nitrogen (N2) into ammonia (NH3) is a transformation of fundamental importance to both biology and industry, 1 a fact which has prompted mechanistic study of the few known systems capable of catalyzing this reaction. The industrial Haber-Bosch process has been the subject of exhaustive investigation, resulting in a detailed mechanistic understanding in large part supported by surface spectroscopic studies on model systems. 2 The nitrogenase family of enzymes provides an example of catalytic N2 conversion under ambient conditions and has also been studied extensively.
While many questions remain unanswered regarding the mechanism of nitrogenase, a great deal of kinetic and reactivity information has been collected. 3 Additionally, important insights have been provided by protein crystallography, X-ray emission spectroscopy, and site-mutagenesis studies, as well as in situ freeze-quench ENDOR and EPR spectroscopy. 4, 5 in situ spectroscopic studies during catalysis were not reported. These synthetic catalysts operate under heterogeneous conditions and are likely to generate mixtures of intermediate species that are both diamagnetic and paramagnetic, making it challenging to reliably determine speciation under turnover. This latter limitation is also true of biological nitrogenases. While CW and pulsed-EPR techniques can and have been elegantly applied, 5 such studies are inherently limited in that species/intermediates not readily observable by these techniques will go unnoticed. and these data facilitate interpretation of the freeze-quench Mössbauer data reported here.
In combination with chemical quenching methods that we present to study the dynamics of product formation, it becomes possible to attempt to correlate the species observed spectroscopically with the N2 fixing activity to gain a better understanding of the overall catalytic system. Such a strategy complements the studies of model complexes and stoichiometric reactions steps that we have previously undertaken and offers a fuller mechanistic picture. While many questions remain, this approach to studying N2-to-NH3 conversion mediated by synthetic iron catalysts is a mechanistically powerful one.
Here we undertake tandem spectroscopy/activity studies using the P3 E (E = B, C, Si) Fe catalyst systems and report the following: (i) two of these Fe-based catalysts (E = B, C) are unexpectedly robust under the reaction conditions, demonstrating comparatively (1) at low temperature in Et2O under an atmosphere of N2 furnishes catalytic yields of NH3,
we pursued the optimization of this system for NH3 yield (Eqn. 1).
(1)
Under our initially reported conditions (in Et2O at -78 °C with 48 equiv HBAr F 4 and 58 equiv KC8) the catalysis furnishes 7.0 ± 1.0 equiv of NH3 per Fe atom, corresponding to 44% of added protons being delivered to N2 to make NH3. Initial attempts at optimization showed that neither the overall concentration of the reactants nor the mole ratio of the catalyst substantially altered the yield of NH3 with respect to proton equivalents.
We have since examined whether the post-reaction material retained any catalytic competence when more substrate was delivered. We found that if, after stirring at -78 °C for 1 hour the reaction mixture was frozen (at -196 °C) , delivered additional substrate, and then thawed to -78 °C, significantly more NH3 was formed. Iterating this reloading process several times resulted in a steady increase in the total yield of NH3 per Fe atom ( Figure   3 .1), demonstrating that some active catalyst remains at -78 °C, even after numerous turnovers. This result implies that the yield of NH3 is limited by competitive consumption of substrate in a hydrogen evolving reaction (HER). and KC8 to reactions maintained at ≤ -70 °C in Et2O. Blue bars denote total observed yields and white inset bars denote the average increase in total yield from the final loading of substrate. Each loading corresponds to 48 equiv HBAr F 4 and 58 equiv KC8 relative to Fe.
Data presented are averages of two experiments.
The apparent stability of at least some of the catalyst at low temperature suggested that it may be possible to observe higher turnover numbers if the catalyst is delivered more substrate at the beginning of the reaction. Indeed, as shown in Table 3 .1, addition of increasing equivalents of HBAr F 4 and KC8 to 1 at low temperature furnished steadily increasing yields of NH3 relative to catalyst, with a current maximal observed yield of 64 equivalents of NH3 per Fe atom (average of 59 ± 6 over 9 iterations, (Table 3 .1, Entry 14); in the absence of toluene 4-N 2 shows poor solubility and lower than catalytic yields of NH3 were observed under the originally reported catalytic conditions (0.50 ± 0.1 equiv NH3 per Fe). 12a The significance of these observations is discussed below (section 2.4).
The efficiency of NH3 production with respect to acid substrate decreases under increasingly high turnover conditions for these iron systems. Our understanding of the HER kinetics (vide infra) rationalizes this phenomenon in that under comparatively low catalyst loading (which engenders higher turnover) the background HER should be increasingly competitive, thereby reducing N2-fixing efficiency. The product of the reaction (NH3) may also act as an inhibitor of catalysis. To test this latter possibility, catalytic runs with 150 equiv HBAr F 4 and 185 equiv KC8 in the presence of 1 were conducted with the inclusion of 25 equiv of NH3 (Table 3 .1, Entry 15). The fixed N2 yield of this reaction is substantially lower than the comparable experiment without added NH3 ( however, the yield of NH3 observed in Entry 15 is suppressed compared to an experiment with only 100 equiv HBAr F . This observation indicates that NH3 inhibits the catalytic reaction, and that the degree of inhibition is more substantial than stoichiometric leveling of the acid strength. to Fe do not demonstrate formal turnover, they do suggest that electrocatalytic N2-to-NH3
conversion by this iron system may be feasible. That the NH3 yield increases with increased acid correlates well with our results in the chemical system. Studies to more thoroughly explore the electrocatalytic N2-to-NH3 conversion behavior of P3 B Fe-species are underway.
The electrochemical data presented in Figure 3 .2 also suggest that chemical reductants with weaker reduction potentials than KC8 may be competent for N2-to-NH3 conversion catalysis by 1. Consistent with this notion we find that catalytic yields of NH3 (5 equiv per Fe) are obtainable using 1 in the presence of 150 equiv HBAr F 4 and 1900 equiv 10 wt% Na/Hg amalgam under ~1 atm N2 at -78 °C in Et2O (Table 3 .1, Entry 16; a larger excess of 10 wt% Na/Hg amalgam was employed to compensate for the lower surface area of the reagent). This result demonstrates that the catalysis is not unique to the presence of either potassium or graphite. KC8 is a stronger reductant than is needed for N2-to-NH3
conversion, but shows more favorable selectivity for N2 reduction relative to H2 generation than other reductants we have thus far canvassed.
Kinetics of ammonia and hydrogen formation.
To better understand the competing NH3-and H2-forming reactions that occur during catalysis, we measured the time profiles of product formation using the most active catalyst, P3 B Fe-N2 -1. Our method for quenching catalytic NH3 production uses rapid freeze-quenching of reactions to -196 °C, followed by addition of tert-butyllithium ( t BuLi), and subsequent annealing to -78 °C.
Employing this method allows for the measurement of NH3 production as a function of time. The time courses of NH3 formation obtained for the previously reported substrate loading (blue trace) 12a as well as a higher substrate loading (red trace) are shown in Figure   3 .3. While the TOF of this catalyst is not directly comparable to other N2-to-NH3 conversion catalysts due to differences in conditions and substrate, it is notable that 1 under the conditions used here furnishes a substantially higher TOF than the other synthetic systems in Chart 1 for which data is available (Table 3. 2), despite operating over 100 °C lower in temperature (albeit with the benefit of a stronger reductant). MoFe nitrogenase purified from Klebsiella pneumoniae exhibits a TOF of approximately 80 min -1 , 22 nearly two orders of magnitude larger than the present synthetic Fe system, while operating at room temperature. To determine potential HER activity of P3 B Fe-N2 -1, we measured the time course of H2(g) formation from HBAr F 4 and KC8 in the absence and presence of 1, under catalytically relevant conditions. As shown in Figure 3 .5, the initial rate of H2(g) evolution at -78 °C is enhanced by the presence of 1. The Fe-catalyzed HER is > 85% complete within the first hour with a final yield of ~40% (blue trace). 23 Quantifying the NH3 produced in this reaction (34% yield based on HBAr F 4) accounts for 74% of the acid added.
We also confirm that there is significant background HER from HBAr F 4 and KC8 (black trace), as expected. We conclude that both catalyzed and background HER are competing with NH3 formation in the catalyst system. Data is presented for the reaction of these reagents alone (black circles) as well as in the presence of 1 (blue squares) and 3 (red triangles). Each time course was collected continuously from a single experiment. Solid lines are provided as guides for the eye only.
As a point of comparison, we also measured the rate of H2 evolution in the presence of P3 Si Fe-N2 - (3) . As shown in Figure 3 .5, 3 also catalyzes HER, with an initial rate that is comparable to 1. However, in this case, H2 evolution approaches completion over two hours, resulting in a final measured yield of 88%. This is consistent with the low N2-fixing activity of 3; in the absence of a competitive NH3-producing reaction, 3 catalyzes the reduction of protons to H2. Understanding the fundamental differences that give rise to the divergent selectivity of these Fe catalysts is an important goal in the context of designing selective N2 reduction catalysts.
Spectroscopic characterization of Fe speciation under turnover.
Considering the relatively slow rate of NH3 formation ascertained from low-temperature quenching experiments, we sought to determine the Fe speciation under turnover using the This observation correlates well with the previously reported result that 4-N 2 is produced from the reaction of 1 with smaller excesses of HBAr F 4 and KC8. 12a Further corroborating this assignment, data collected at liquid He temperature with a small applied magnetic field suggest that this species is a non-Kramer's spin system, 30 and should be S = 0 given the observed correlation between δ and S (vide supra). Also present in Figure and ΔEQ = 2.97 ± 0.06 mm s -1 (white). Thus, as acid substrate is consumed in the reaction to produce NH3 and H2, the mixture of Fe species shown in Figure 3 .7B at an early time point evolves back to the starting material 1. A slight residual excess of KC8 is needed to ensure recovery of the active catalyst. These data help rationalize the results of the substrate reloading experiments (vide supra).
The increasingly low Fe concentrations used to achieve the highest yields of NH3
reported here make the collection of well-resolved Mössbauer spectra under such conditions challenging. Nonetheless, we repeated freeze-quench experiments for one set of we find that 4-N 2 serves as a viable precatalyst (Table 3. 1, Entries 13, 14) . We suppose then that under the standard conditions (in pure Et2O), if 4-L is generated in solution during catalysis, it should be able to react productively so long as it does not irreversibly precipitate, which may be slow at -78 °C. Accordingly, we have observed that the Mössbauer spectrum of a sample taken from a standard catalytic mixture as described in section 2.3 can be filtered at low temperature and still displays substantial 4-L. Indeed, the sequential addition of 1.5 equiv of HBAr F 4 followed by 6 equiv of KC8 to 4-N 2
Precatalyst activity of (P 3 B )(μ-H)Fe(H)(N
at -78 °C in 3:1 Et2O:toluene produces substantial amounts of 1 (32% yield, unoptimized; Scheme 3.1). This stoichiometric reactivity provides support for the idea that as 4-L is formed under the standard reaction conditions it can react with acid and reductant to produce the starting catalyst 1, consistent with the observations provided in section 2.3.
Given that (i) 4-L appears to be the predominant Fe-containing species observed by freeze-quench Mössbauer spectroscopy under turnover conditions at early time points,
(ii) that this species serves as a competent precatalyst when solubilized, and (iii) 4-N 2 can be synthetically converted to 1 by HBAr F 4 and KC8, we conclude that 4-L is a major resting state of the catalysis. This conclusion does not require 4-L to be an "on path" intermediate;
we instead think 4-L is more likely a resting state that ties up the catalyst, but one that reversibly leaks into the on-path catalytic cycle in which 1 is ultimately protonated.
The observation of a hydride resting state for this synthetic Fe catalyst may have additional relevance in the context of biological nitrogen fixation, where the intermediacy of metal hydride species has been proposed on the basis of spectroscopic data obtained during turnover. 5 It has further been proposed that the reductive elimination of hydrides as H2 may be a requisite component of N2 binding to the nitrogenase active-site cofactor, 22, 34, 35 giving rise to obligate H2 evolution in the limiting stoichiometry of N2 conversion to NH3. 36 The results described here directly implicate the relevance of a synthetic iron hydride species to a system capable of catalytic N2-to-NH3 conversion. This in turn motivates complimentary model reactivity studies on iron hydride species such as 4-L, targets whose relevance might otherwise be overlooked. can be generated, characterized, and studied. 
Summary of mechanistically relevant observations.

Conclusion
In the present study we have shown that N2-fixing catalyst systems with P3 E Fe (E = B, C, Si) species give rise to high yields of NH3 if supplied with sufficient acid and reductant. These yields (for E = B and C) compare very favorably to the most active known Mo catalysts and are almost an order of magnitude greater than the yields presented in our previous reports. While we do not rule out some degree of catalyst degradation at -78 °C, these iron catalysts are unexpectedly robust and it is possible that the lower efficiency of catalysis at higher turnover is in part due to build-up of NH3 product, which is an inhibitor. The present study has also demonstrated the utility of coupling in situ freeze-quench 57 Fe Mössbauer spectroscopy with kinetic analysis of product formation as a powerful tool for the mechanistic study of Fe-catalyzed N2 fixation. To date, no synthetic molecular N2-to-NH3 conversion catalyst system had been studied spectroscopically under active turnover conditions. Our freeze-quench Mössbauer results suggest that 4-L is a resting state of the overall catalysis; this hydride species, which we previously posited to be primarily a catalyst sink, can instead reenter the catalytic pathway via its conversion to catalytically active P3 B Fe-N2 -1. This observation underscores the importance of understanding metal hydride reactivity in the context of Fe-mediated nitrogen fixation. It may be that HER activity provides a viable strategy for recovering catalytically active states from the unavoidable generation of iron hydride intermediates.
